Abstract Cardiorespiratory fitness (CRF) is an objective measure of habitual physical activity (PA), and has been linked to increased brain structure and cognition. The gold standard method for measuring CRF is graded exercise testing (GXT), but GXT is not feasible in many settings. The objective of this study was to examine whether a non-exercise estimate of CRF is related to gray matter (GM) volumes, white matter hyperintensities (WMH), cognition, objective and subjective memory function, and mood in a middle-aged cohort at risk for Alzheimer's disease (AD). Three hundred and fifteen cognitively healthy adults (mean age =58.58 years) enrolled in the Wisconsin Registry for Alzheimer's Prevention underwent structural MRI scanning, cognitive testing, anthropometric assessment, venipuncture for laboratory tests, and completed a self-reported PA questionnaire. A subset (n=85) underwent maximal GXT. CRF was estimated using a previously validated equation incorporating sex, age, body-mass index, resting heart rate, and self-reported PA. Results indicated that the CRF estimate was significantly associated with GXTderived peak oxygen consumption, validating its use as a non-exercise CRF measure in our sample. Support for this finding was seen in significant associations between the CRF estimate and several cardiovascular risk factors. Higher CRF was associated with greater GM volumes in several ADrelevant brain regions including the hippocampus, amygdala, precuneus, supramarginal gyrus, and rostral middle frontal gyrus. Increased CRF was also associated with lower WMH and better cognitive performance in Verbal Learning
Introduction
Cardiorespiratory fitness (CRF) is an objective measure of habitual physical activity that reflects the overall capacity of the cardiopulmonary system (American College of Sports Medicine 2014; Mailey et al. 2010) . Increasing evidence has shown that higher levels of CRF are related to better brain health (Colcombe et al. 2003 (Colcombe et al. , 2004 Gordon et al. 2008; Johnson, Kim, Clasey, Bailey, and Gold 2012) and cognition (Baker et al. 2010; Brown et al. 2010; Newson and Kemps 2006; Prakash et al. 2011) , as well as lower risk of Alzheimer's disease (AD) in older adults (Defina et al. 2013; Liu et al. 2012; Vidoni, Honea, Billinger, Swerdlow, and Burns 2012) . Specifically, higher CRF is associated with preservation of critical brain areas in cognitively healthy older adults (Colcombe et al. 2003) and persons with AD (Honea et al. 2009 ), as well as reduced brain atrophy in those with early-stage AD (Burns et al. 2008 ). More recently, CRF has been associated with preserved white matter microstructure (Johnson et al. 2012) . Additionally, Prakash et al. (2011) showed a relationship between CRF and executive function using the Stroop Task, and DeFina et al. (2013) indicated that higher CRF levels in midlife were linked with lower risk of dementia later in life.
Currently, the gold standard method for measuring CRF is graded exercise testing (GXT) with gas exchange measurement. Unfortunately, there are several barriers to GXT, especially among older adults. These include the amount of time required for test completion, equipment costs, need for medical oversight, and the risk of injury and cardiac events (American College of Sports Medicine 2014). These barriers make it difficult for many health care and research facilities to implement GXT measurements of CRF. Submaximal approaches to assessing CRF, such as the Rockport 1-mile walk test (Kline et al. 1987 ) and the Astrand and Rhyming Cycle Ergometer Test (Astrand and Ryhming 1954) , have been proposed as reliable and valid alternatives to GXT. However, these submaximal methods are not entirely free of the constraints associated with the gold standard GXT measure.
Recognizing the impact of CRF on pertinent health-related outcomes, yet faced with the infeasibility of obtaining GXT measurements on a large number of individuals, researchers have turned to developing non-exercise estimates of CRF (Jackson et al. 1990 (Jackson et al. , 2012 Lakoski et al. 2011; Nes et al. 2011) . These low-cost, low-risk estimates of CRF are typically formed by regressing maximal oxygen uptake (VO 2max ) on variables that are both clinically-available and thought to have an impact on CRF, such as age, sex, body mass index (BMI), resting heart rate (RHR), and self-reported physical activity. Jurca et al. (2005) established one such non-exercise CRF estimate and found that it correlated highly with GXTassessed VO 2max (0.76≤r≤0.81) within three large, independent cohorts. This study was later validated in an older sample (mean age=66.73 years) by Mailey et al. (2010) , who also found high concordance (r=0.67) between the CRF estimate, VO 2max , and the Rockport 1-mile walk protocol. Using a modified version of the Jurca et al. (2005) CRF estimate, McAuley et al. (2011) found that CRF was associated with increased hippocampal volume, processing speed, and working memory in a sample of older adults. However, no studies to date have examined whether such non-exercise CRF estimates are predictive of neural health, cognition, and mood using a diverse array of outcome measures in a relatively younger cohort with specific risk factors for AD.
Therefore, the objective of this study was to determine whether a non-exercise estimate of CRF is associated with measures of brain health, cognitive function, subjective and informant-reported memory complaints, and mood in an asymptomatic, middle-aged cohort at risk for AD. We hypothesized that individuals with greater CRF would exhibit larger gray matter (GM) volumes in AD-relevant regions of interest (ROIs), reduced white matter hyperintensities (WMH), better objective and subjective cognition, and better mood compared with less fit individuals.
Methods

Participants
The Wisconsin Registry for Alzheimer's Prevention (WRAP) is a longitudinal cohort of approximately 1,500 cognitively healthy, middle-aged adults between the ages of 40 and 65 at study entry (Sager, Hermann, and La Rue 2005) . For the present study, 315 participants were selected based on completion of a WRAP wave 2 visit and co-enrollment in ongoing brain imaging studies. Similar to the larger WRAP cohort, this study's sample was enriched with persons who had a positive family history for AD (72.4 %) and were apolipoprotein E4 (APOE4) positive (38.7 %). Table 1 shows participants' relevant background characteristics. The University of Wisconsin Institutional Review Board approved all study procedures and informed consent was obtained from all individual participants included in the study.
Non-exercise CRF measure
Our non-exercise estimate of CRF was based on the formula proposed by Jurca et al. (2005) i.e., CRF =18.07+ Sex (2.77) -Age (0.10) -BMI (0.17) -RHR (0.03)+Self-Reported Physical Activity, with sex coded as female=0 and male=1. BMI was calculated using the standard equation [weight (kg) / height (m) 2 ]. RHR was determined using a GE Dinamap Pro 400 V2 Vital Signs Monitor with a GE Critikon Blood Pressure Cuff. In the Jurca et al. (2005) study, self-reported physical activity was assessed with one question that required participants to rate on a five-point scale how many minutes they engaged in physical activity per week. In contrast, for our study, we used the moderate intensity physical activity question from the Women's Health Initiative physical activities questionnaire (McTiernan et al. 2003) . This question inquired into the frequency (range from none to≥5 days/week) and duration (range from <30 minutes to ≥1 hour/session) of engagement in moderate, "not exhausting," physical activity (e.g. calisthenics, easy swimming) per week. Following established protocol (McTiernan et al. 2003) , frequency and duration were multiplied to create a "minutes/week" measure of moderate physical activity. This measure was then dichotomized to indicate whether ("1") or not ("0") an individual attained 150 minutes of moderate physical activity per week. The decision to focus on moderate physical activity, and at a threshold of 150 minutes/week, was informed by current national guidelines that recommend older adults engage in a minimum 150 minutes/week of moderate physical activity for maintenance of health (Nelson et al. 2007 ; U.S. Department of Health and Human Services 2008).
Graded exercise testing
In order to validate the CRF estimate within our own sample, a subset of participants (n=85) performed physician-supervised GXT using a modified Balke protocol (Balke and Ware 1959) . Comfortable brisk walking speeds were determined prior to testing as a safety precaution and to ensure a valid test. For participants who were capable of walking at 3.5 miles per hour comfortably, this speed was used throughout the test. For participants who found this walking speed uncomfortable, a slower speed was chosen. The grade of the treadmill was increased by 2.5 % every 2 minutes until the participant reached volitional exhaustion or the physician stopped the test due to safety concerns. Continuous measurements of oxygen uptake (VO 2 ), carbon dioxide production, minute ventilation, heart rate, and work rate were obtained using a metabolic cart and two-way non-rebreathing valve (TrueOne® 2400 metabolic cart, ParvoMedics, Sandy, UT). The system was calibrated prior to each test using standard gases with known concentrations and with a calibrated three-liter syringe. Peak effort was determined based on meeting at least two of the following criteria: 1) respiratory exchange ratio ≥1.1, 2) change in VO 2 <200 ml with an increase in work, 3) rating of perceived exertion (RPE) of 17 or greater and 4) achieving 90 % of age predicted maximal heart rate. Of the 85 participants who underwent GXT, 64 met peak effort criteria. Peak oxygen consumption (VO 2 ) during exercise was used as the index of cardiorespiratory capacity. Table 1 ).
Neuroimaging protocol MRI images were acquired on a GE x750 3.0 T scanner with an eight-channel phased array head coil (General Electric, Waukesha, WI). A 3D T1-weighted inversion recovery prepared SPGR anatomical sequence was collected using the following parameters: TI/TE/TR=450 ms/3.2/8.2 ms, flip angle=12°, slice thickness=1 mm no gap, FOV=256, matrix size=256×256, yielding a voxel resolution of 1×1×1 mm. Additionally, a 3D T2-weighted fluid attenuated inversion recovery (FLAIR) sequence was acquired using the following parameters: TI/TE/TR=1,868 ms/123 ms/6,000 ms, flip angle=90°, slice thickness =2 mm no gap, FOV=256 mm, matrix size=256×256, yielding a voxel resolution of 1×1×2 mm. Scanning was completed after a minimum 4-h fast from food, tobacco, caffeine, and medications with vasomodulatory properties. Fifteen participants did not have useable imaging data and hence did not contribute data to the brain imaging analyses. Time between WRAP wave 2 visit and MRI scan was on average 1.85 years (SD=1.21 years), with 94 % of MRI scans occurring after WRAP wave 2 visit, 3.7 % occurring before WRAP wave 2 visit, and 2.3 % occurring concurrently.
FreeSurfer image analysis suite version 5.1.0 (http://surfer. nmr.mgh.harvard.edu/) was used to derive GM regions of interest (ROIs) from the T1 images, as described in prior publications Fischl, Sereno, and Dale 1999) . While the automated procedure is in principle 100 % reproducible, user inspection and iterative control point editing is often required, and thus was implemented in this study in order to ensure proper cortical reconstruction. In our hands, intra-and inter-rater reliability is excellent (ICC>0.99) , based on a training sample of 10 brains of varying age and scan quality, rated by three technicians twice in blind fashion. This study focused on 14 a priori ROIs associated with memory, executive function, or AD, namely, the hippocampus, amygdala, posterior cingulate, cingulate isthmus, parahippocampal gyrus, entorhinal cortex, fusiform, caudal and rostral anterior cingulate, caudal and rostral middle frontal gyrus, inferior parietal cortex, precuneus, and supramarginal cortex. Volumetric measurements from each hemisphere were averaged to obtain a single value for each ROI.
Lesion Segmentation Tool (LST) version 1.2.3 in SPM8 (P. Schmidt et al. 2012 ) was used to calculate total volume of WMH. This toolbox is open source and uses automated segmentation with high reliability. For lesion segmentation, LST seeds lesions based on spatial and intensity probabilities from T1 images and hyperintense outliers on T2FLAIR images. Visual inspection was conducted for all segmentation maps. Additional details have been previously described (Birdsill et al. 2014; P. Schmidt et al. 2012 ).
Neuropsychological assessment
All participants completed a comprehensive neuropsychological battery (Sager et al. 2005 ) that included psychometric measures spanning cognitive domains such as memory, attention, executive function, language, and visuospatial ability. Earlier factor analytic studies (Dowling, Hermann, La Rue, and Sager 2010; Koscik et al. 2014) (Wechsler 1999) and Judgment of Line Orientation Test (Benton 1994) ; and Verbal Ability: Reading subtest of the Wide-Range Achievement Test, 3rd edition, (Wilkinson 1993) Vocabulary and Similarities subtests from the WASI (Wechsler 1999) , and the Boston Naming Test (Kaplan, Goodglass, and Weintraub 1983) . The Mini Mental State Exam (MMSE) was also administered as a measure of global cognitive function.
Self-and informant-reported memory complaints and mood
Presence of self-reported memory complaints was determined via a question that asked, "Do you think you have a problem with your memory?" Response options were "yes", "no", and "I don't know". Informant-reported memory complaints were based on ratings provided by each participant's study partner on the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) (Jorm and Jacomb 1989) . The IQCODE is a 16-item questionnaire that asks about a person's (in this case, the study participant's) cognitive function at present compared with the prior 10 years. Responses range from 1 (much improved) to 5 (much worse), with a score of 3 indicating "not much change." Mood symptoms were assessed via the Center for Epidemiologic Studies Depression Scale (CES-D) (Radloff 1977) .
Data analyses
To validate the CRF measure as an indicator of aerobic fitness within our sample, we used Pearson correlation to assess its relationship with VO 2 among the subset of participants (n= 85) who underwent GXT. To affirm these findings within the full sample (n=315), Pearson (for continuous measures) and point-biserial (for dichotomous measures) correlations were used to assess the CRF measure's relationship with both laboratory-based and self-reported measures of cardiovascular risk. Additionally, by regressing VO 2 on sex, age, BMI, RHR, and self-reported physical activity, we re-created the CRF measure within our GXT subsample; and then used Pearson correlations to examine relationships between this re-created CRF measure and both VO 2 and the original CRF measure that was computed using the Jurca equation (2005).
Multivariate analysis of covariance (MANCOVA) was used to examine relationships between the CRF measure and the GM ROIs, with intracranial volume as a covariate. Age and sex were not included as covariates because they are intrinsically controlled for in the CRF estimate. MANCOVA was used in order to reduce alpha inflation given the number of ROIs investigated. A significant omnibus MANCOVA would provide justification for examining each ROI with follow-up univariate analyses of covariance (ANCOVAs). The WMH measure was severely skewed, and various transformations (e.g., log) failed to satisfactorily normalize it. Therefore, we used a median split to divide values into 0 (low WMH) and 1 (high WMH). Logistic regression, adjusted for intracranial volume, was then used to test for associations between CRF and WMH. Linear regression was used to evaluate the association between the CRF measure and each of the six cognitive factors, adjusting for education. As noted above, age and sex were not included as covariates due to their presence in the CRF estimate. Finally, we assessed the relationships between CRF and self-and informant-reported memory complaints, as well as depressive symptoms, using Pearson and pointbiserial correlations as applicable. For self-reported memory complaints, only "yes" (n=64) and "no" (n=180) responses were considered in the analysis.
Secondary analyses were conducted to determine whether any observed associations between CRF and neuroimaging or cognitive measures were moderated by APOE4, the primary genetic risk factor for AD. This was accomplished by refitting the models described above while including a term for the interaction between APOE4 and CRF. All analyses were conducted using IBM SPSS, version 21.0. Only findings with p≤0.05 (2-tailed) were considered to be significant. The mean (SD) VO 2 was 25.44±6.70 ml/kg/min. The Jurcabased CRF measure was significantly associated with VO 2 (r=0.71, p<0.001; see Fig. 1 ) within our GXT subsample, thus validating the use of this non-exercise CRF measure for further analyses within the full sample. Additionally, the regression of VO 2 on sex, age, BMI, RHR, and self-reported physical activity within our GXT subsample yielded the following equation for estimating CRF: CRF =65.70+Sex (5.81) -Age (0.42) -BMI (0.49) -RHR (0.02)+Self-Reported Physical Activity (0.98), with sex coded as female=0 and male=1. The re-created CRF estimate was significantly associated with VO 2 (r=0.76, p<0.001) and the original, Jurcabased CRF estimate (r=0.91, p<0.001).
Results
Background characteristics
The CRF measure was also significantly associated with several measures of cardiovascular risk, including hypertension, hs C-reactive protein, history of tobacco use, and total cholesterol (see Table 2 ). Correlations for significant findings were all negative, indicating that higher CRF was associated with lower cardiovascular risk. These findings within the full sample supplemented the correlation found between the Jurca- Fig. 1 Higher non-exercise CRF estimate is positively correlated with VO 2. CRF=cardiorespiratory fitness; VO 2 =peak oxygen consumption based CRF measure and VO 2 within the GXT subsample, further supporting the use of the non-exercise CRF measure for our substantive analyses.
Relationship between CRF and brain structure
The MANCOVA that assessed the relationship between CRF and the GM ROIs revealed a significant omnibus effect of CRF: Λ=0.88, F (14, 284)=2.874, p<0.001, partial η2= 0.124. Follow up ANCOVAs found significant effects of the CRF measure on the hippocampus, amygdala, fusiform, rostral middle frontal gyrus, inferior parietal cortex, precuneus, and supramarginal cortex with a trend to significance in the entorhinal cortex (see Table 3 ). The parameter estimates for all significant findings were positive, demonstrating that increased CRF is associated with increased GM volume in these ROIs.
As discussed above, logistic regression was used to assess the relationship between CRF and WMH, dichotomized into low vs. high WMH. The analysis revealed that there was a significant negative relationship between CRF and lesion burden: β(SE)=-0.33(0.09), Waldχ2=13.79, OR=0.72, p<0.001 (see Fig. 2 ). The odds ratio of 0.72 indicates that for a unit increase in CRF, there is a corresponding 28 % decrease in likelihood of being in the high lesion burden group.
Relationship between CRF and cognitive measures
Regression analyses revealed significant associations between CRF and Visuospatial Ability, Speed & Flexibility, and Verbal Learning & Memory. The parameter estimates for both Visuospatial Ability and Speed & Flexibility were positive, indicating that higher CRF is associated with better cognitive performance on these domains. In contrast, the parameter estimate for Verbal Learning & Memory was negative (β=-0.09, SE=0.03, t=-2.80, p=0.005, sr 2 =0.025), suggesting that higher CRF is associated with worse scores on this measure. This counterintuitive finding warranted further investigation.
Our intuition was that this might be an instantiation of a reversal paradox, specifically Simpson's paradox, which refers to the phenomenon where the relationship between two variables has a different sign within subgroups compared to the sign observed in the pooled sample (Julious and Mullee 1994; Simpson 1951; Tu, Gunnell, and Gilthorpe 2008) . Given that the relationship between CRF and Verbal Learning & Memory in the pooled sample was negative, Simpson's paradox would be indicated if the graphical analyses revealed that this association was positive within the subgroups formed by any of the variables, say BMI. Of the 5 variables examined, sex was the only one where this reversal was observed. Specifically, for men as well as for women, the relationship between CRF and Verbal Learning & Memory was positive (r=0.17 and 0.11, respectively) whereas, as already noted, it was negative in the pooled sample (r=−0.15; see Fig. 3 ). The recommended fix for Simpson's paradox is to re-fit the statistical model while including the variable causing the reversal as an additional covariate (Julious and Mullee 1994) . Therefore, we retested the association between CRF and Verbal Learning & Memory while including sex as an additional covariate. This revised analysis now revealed the expected positive relationship between CRF and Verbal Learning & Memory, thus affirming the implemented correction (see Table 4 ).
Associations between CRF, self-and informant-reported memory complaints and mood Correlation analyses revealed that the CRF measure was significantly associated with self-reported memory complaints (r=−0.13, p=0.045), informant-reported memory complaints as measured by the IQCODE (r= −0.13, p=0.032), and depressive symptoms (r= −0.13, p=0.017). All correlation coefficients were negative, suggesting that increased CRF was associated with fewer self-and informant-reported memory complaints, as well as fewer depressive symptoms.
Secondary analyses
The respective models that investigated associations between CRF and GM volumes, WMH, and cognition were refitted after including an APOE4*CRF term. In no model was this interaction term significant (all p's≥0.139). This suggests that APOE4 status does not have any modulatory effects on the observed relationship between CRF and GM volumes, WMH, or cognition.
Discussion
This study found that a non-exercise estimate of CRF is related to multiple components of brain and cognitive health, including greater GM volume in regions associated with AD, lower total WM lesion burden, and better cognitive ability. These findings were not modified by APOE4 status. Interestingly, we also found that higher CRF was associated with fewer self-and informant-reported memory complaints, and reduced depressive symptoms, although these latter findings were modest in effect. Although we used a non-exercise estimate of CRF in this paper, as opposed to the gold standard GXT, our results are validated by the significant positive correlations observed between the CRF measure and VO 2 within a subset of our sample, and further supported by the negative correlations between CRF and multiple measures of vascular risk within the full sample. Furthermore, outside groups have also validated this non-exercise CRF estimate, including Mailey et al. (2010) and McAuley et al. (2011) whose studies found significant correlations between the CRF estimate, maximal GXT, and a submaximal 1-mile walk test. Together, our results, which span a wide variety of imaging, cognitive, and mood measures, suggest that higher CRF could be protective of brain structure, cognitive function, and mood in adults who are at risk for AD.
The literature on the relationships between CRF and ADrelevant brain structures is rapidly expanding. Specifically, Colcombe and colleagues showed in two different studies (2003; 2004 ) that older adults with higher CRF as measured by GXT had significantly greater GM volumes in regions such as the prefrontal, superior parietal, and medial temporal cortices, as well as the middle frontal gyrus and anterior cingulate cortex. Similarly, another study (Gordon et al. 2008) showed that CRF was related to GM volumes in various brain regions including medial temporal, anterior parietal, and inferior frontal cortices. Other studies have chosen to assess global brain volume as opposed to regional volumes, and found significant decreases in whole brain volume in early AD patients with less CRF (Burns et al. 2008) . Interestingly, McAuley et al. (2011) , who previously validated the CRF estimate used in the present study, found that CRF was positively correlated with hippocampal volume. Our results, in concordance with the McAuley et al. study (2011) , linked CRF to volumetric changes in the hippocampus, but with additional findings in six other areas, including other medial temporal areas such as the amygdala and posterior cortical areas such as the supramarginal gyrus and precuneus. Overall, our GM findings are consistent with these prior studies and strengthen current understanding of the implications of CRF for GM structure. Furthermore, the correspondence between our findings and these prior investigations, which were mostly conducted using GXT, suggest that non-exercise CRF measures might provide meaningful assessments of aerobic fitness.
Additionally, to our knowledge, our study is one of the first to assess WMH burden and its relationship to CRF on a large scale. The only preexisting study assessed the relationship between CRF and WMH in a group of ten former athletes (mean age =72.4 years) compared to ten sedentary controls (mean age =74.6 years) and found an 83 % reduction in deep WMH in the athletes compared to controls (p=0.002), as well as a strong negative correlation between CRF and deep WMH (p<0.001) (Tseng et al. 2013) . However, there were no significant differences in total WMH or periventricular WMH. Our study, with a much larger sample size, did find significant decreases in total WMH burden in participants with higher CRF. In addition, our study also demonstrated significant negative associations between CRF and measures of cardiovascular risk, including hypertension, tobacco use, and total cholesterol. As previously shown (Debette and Markus 2010) , besides age, such cardiovascular risk factors constitute major risk factors for WMH. By separately assessing the relationship between CRF and both cardiovascular risk factors and WMH, our study was able to show links between these three variables, thus adding evidence to this emerging area of research. However, it is important to note that other studies have assessed white matter integrity in relation to CRF using other techniques, such as diffusion tensor imaging (DTI). For example, Johnson et al. (2012) used DTI to detect increased fractional anisotropy and decreased radial diffusivity in the corpus callosum of older adults with higher CRF, suggesting higher WM structural integrity in these areas. The CRF-white matter relationship, especially in regards to WMH, will be important to investigate further in future studies, potentially leading to increased understanding of the implications of cardiovascular health on WMH.
In our study, we found that higher CRF was associated with increased performance in cognitive domains of Visuospatial Ability, Speed & Flexibility, and Verbal Learning & Memory. Previous research has also linked CRF to cognitive ability and cognitive decline. For example, Brown et al. (2010) showed that both global cognition and specific cognitive domains such as verbal ability, perception, processing speed, and executive function were significantly higher in older women with higher CRF. Our study assessed cognitive function across similar cognitive domains as Brown et al. (2010) and found relationships between CRF and cognition in corresponding areas among a cohort at increased risk for developing AD. In a study of older diabetic adults by Baker et al. (2010) , it was shown that increases in VO 2max as a result of completion of six months of aerobic exercise training were correlated with improvements on Trails B, Task Switching, and Stroop Interference trial. However, the patients did not show improvements in memory. Unlike the Baker et al. study (2010) , our research did show that memory was impacted by CRF, in addition to tests of Speed & Flexibility, such as Trails B. Using a nonexercise CRF estimate, McAuley et al. (2011) found that CRF was associated with better spatial working memory, reaction time, and processing speed. Our study extends this report by interrogating a wider array of cognitive domains in relation to CRF within a cohort of individuals with known risk for AD.
Interestingly, our study also found that in addition to these associations between CRF and objective cognition, subjective memory complaints showed significant associations with CRF. Specifically, both self-and informant-reported memory complaints were lower in people with increased CRF. This is noteworthy, because other groups have indicated that subjective memory complaints may correspond with the earliest signs of incipient AD (Amariglio et al. 2012; Jessen et al. 2006) . Additionally, we observed that higher CRF was also associated with fewer depressive symptoms in our study group, which is consistent with previous reports of a link between physical activity and positive affect (Conn 2010) . However, these findings were modest in effect, with relatively small r-values. Therefore, they should be interpreted with discretion. Further investigation of these specific measures is needed to more fully understand the impact CRF may have on subjective memory function and depressive symptoms.
This study was not without limitations, the most significant being the anomalous negative finding in Verbal Learning & Memory. Although sex was included in the regression equation that was used to derive the CRF estimate, it appears that there remained some residual confounding by sex, which then drove the anomalous negative association initially observed between CRF and Verbal Learning & Memory. This suggests that there is need for caution when examining the association between CRF and certain health-related outcomes (e.g., memory performance), as such associations might be confounded by measured and/or unmeasured variables, even after statistical control has been implemented. Another potential limitation to this study was the modification made to the original Jurca CRF equation (2005) . It is possible that this modification might have affected the results of the study. However, previous studies have also modified the Jurca equation with no known impacts on their findings (Mailey et al. 2010; McAuley et al. 2011) . Additionally, our sample was not demographically representative of the U.S. population, which could influence the generalizability of our results. It also bears noting that the amount of variance in our outcome measures accounted for by CRF was rather modest; reflecting the reality that multiple factors contribute to inter-individual variability in brain health and cognition. This study was cross-sectional in design, as well, which limits our ability to determine causality in CRF's effect on brain structure and cognition. Future longitudinal studies within our group will examine the influence of CRF on prospective brain/cognitive changes. Intervention studies would also be helpful for establishing causal links between CRF and health-related outcomes.
In conclusion, this study found that higher CRF is related to preserved cerebral GM and WM, better cognitive abilities and mood, and decreased self-and informant-reported memory complaints in a cohort of middle-aged adults at risk for AD. These findings suggest that participation in habitual physical activity could provide protection for brain structure and cognition, thus possibly delaying onset of AD in at-risk older adults.
